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Abstract Climate change has profound effects on mosquito-related ecosystem services by altering temperature, humidity, and
precipitation patterns. This study examines the long-term impacts of climate change on mosquito habitats, population dynamics, and
ecosystem services, such as pollination, food web stability, and nutrient cycling. Research highlights that climate change not only
extends mosquito breeding seasons but also modifies population composition and ecological interactions, enhancing their
adaptability to new environmental conditions. However, these changes also result in negative impacts, such as population imbalances
that disrupt ecosystem stability and biodiversity. The research synthesizes case studies, analyzing how mosquito-driven ecosystem
services dynamically evolve in different regions under climate change, while underscoring the importance of ecosystem health and
sustainable management.
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1 Introduction
Mosquitoes, often perceived solely as pests and vectors of diseases, play significant roles in various ecosystem
services. These include pollination, contributions to the food web, and nutrient cycling. For instance, mosquitoes
are known to pollinate certain plants, thereby aiding in the reproduction of these species (Rochlin et al., 2016).
Additionally, mosquito larvae serve as a crucial food source for various aquatic organisms, while adult mosquitoes
are prey for birds, bats, and other insects, thus maintaining the balance within ecosystems (Wang et al., 2019;
Anoopkumar and Aneesh, 2021).

Climate change, characterized by rising temperatures, altered precipitation patterns, and increased frequency of
extreme weather events, has profound impacts on biodiversity. These changes can disrupt the delicate balance of
ecosystems, leading to shifts in species distributions, altered community structures, and changes in the timing of
biological events (Franklinos et al., 2019; Couper et al., 2021). For mosquitoes, climate change can extend
breeding seasons, increase hatch rates, and expand their geographical range, potentially leading to higher
mosquito populations and altered interactions within ecosystems (Ramasamy and Surendran, 2012; Andriamifidy
et al., 2019).

This study aims to explore the long-term impacts of climate change on mosquito-related ecosystem services,
focusing on their roles in pollination, food web dynamics, and nutrient cycling. It seeks to elucidate how these
changes may cascade into broader ecological and human health impacts, striving for a comprehensive
understanding of the multifaceted contributions of mosquitoes to ecosystems and the potential shifts in their roles
driven by climate change.

2 Climate Change and Mosquito Habitats
2.1 Changes in Temperature and Humidity and Their Effects on Mosquito Distribution
Climate change is significantly altering temperature and humidity patterns, which in turn affect mosquito
distribution. Increased temperatures can accelerate mosquito life cycles, leading to higher population densities and
expanded geographic ranges. For instance, higher temperatures have been shown to increase mosquito pupation
rates, although they also make mosquitoes more susceptible to predation (Hunt et al., 2017). Additionally, warmer
temperatures can enhance the development of pathogens within mosquitoes, increasing the frequency of blood
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feeds and thereby the potential for disease transmission (Ramasamy and Surendran, 2012). Changes in humidity
also play a crucial role, as mosquitoes require specific moisture levels for breeding and survival. Elevated
humidity levels can create more favorable conditions for mosquito proliferation, further expanding their habitats.

2.2 Shifting Geographic Ranges Due to Altered Climate Patterns
As climate patterns shift, mosquitoes are moving into new geographic areas. Species are migrating poleward and
to higher elevations to stay within their preferred environmental conditions (Pecl et al., 2017). For example, in the
highlands of Africa, rising temperatures are enabling Anopheles mosquitoes, which are vectors for malaria, to
inhabit previously unsuitable high-altitude regions (Afrane et al., 2012). This shift in geographic range is not
limited to terrestrial ecosystems; aquatic ecosystems are also experiencing changes. Warmer water temperatures
and altered water levels are affecting the distribution of mosquito species that rely on aquatic habitats for their
larval stages (Woolway et al., 2022). These shifts can lead to novel biotic communities and interactions,
potentially increasing the risk of mosquito-borne diseases in new areas.

2.3 Impacts on aquatic ecosystems and larval habitats
Aquatic ecosystems, which serve as crucial larval habitats for mosquitoes, are being profoundly affected by
climate change. Increased water temperatures and altered discharge patterns are changing the physicochemical
properties of these habitats, impacting mosquito larval development and survival (Baranov et al., 2020). For
instance, higher water temperatures can lead to reduced dissolved oxygen levels, which can affect the growth and
mortality rates of mosquito larvae (Gallegos-Sánchez et al., 2022). Additionally, changes in water quality
parameters such as pH, turbidity, and nutrient concentrations can influence mosquito presence and abundance
(Avramov et al., 2023). The expansion of brackish and saline water bodies due to rising sea levels is also creating
new habitats for salinity-tolerant mosquito species, further complicating the dynamics of mosquito-borne disease
transmission (Ramasamy and Surendran, 2012).

3 Mosquito-Driven Ecosystem Services
3.1 Pollination: role of mosquitoes in tropical and subtropical ecosystems
Mosquitoes, often recognized primarily as vectors of disease, also play a role in pollination, particularly in
tropical and subtropical ecosystems. While their contribution is not as significant as that of bees or butterflies,
mosquitoes can aid in the pollination of certain plant species. This role is especially noted in environments where
other pollinators are less prevalent, and mosquitoes can help maintain the biodiversity of these ecosystems by
supporting the reproductive processes of various plant species (Franklinos et al., 2019; Tsantalidou et al., 2023).

3.2 Contribution to the food web: prey for birds, amphibians, and other species
Mosquitoes are a crucial component of the food web, serving as prey for a variety of species, including birds,
amphibians, and other insects. Their larvae are particularly important in aquatic ecosystems, providing a food
source for fish and other aquatic organisms. This role supports the survival and reproduction of these predator
species, thereby maintaining ecological balance and biodiversity (Andriamifidy et al., 2019; Wang et al., 2019).
The presence of mosquitoes can influence the population dynamics of their predators, which in turn affects the
broader ecosystem structure (Baranov et al., 2020; Anoopkumar and Aneesh, 2021).

3.3 Nutrient cycling: decomposition and nutrient redistribution by mosquito activity
Mosquitoes contribute to nutrient cycling through their life processes. As larvae, they feed on organic matter in
water bodies, aiding in decomposition and nutrient redistribution. This activity helps in breaking down organic
material, which releases nutrients back into the ecosystem, supporting plant growth and maintaining soil fertility
(Kolimenakis et al., 2019; Couper et al., 2021). The decomposition process facilitated by mosquito larvae is
essential for nutrient cycling in aquatic environments, promoting the health and productivity of these ecosystems
(Weiskopf et al., 2020).

4 Climate-Induced Changes in Mosquito Populations
4.1 Population dynamics under rising temperatures
Rising temperatures due to climate change significantly impact mosquito population dynamics. Studies have
shown that temperature fluctuations can accelerate mosquito development rates, affecting survival and
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reproductive success. For instance, increased temperatures can lead to faster development times and earlier
emergence of mosquitoes, as observed in Culex pipiens s.l. (Boerlijst et al., 2022). Additionally, temperature
changes can alter the physiological responses of mosquitoes, such as gene expression and microbiome
composition, which are crucial for their survival and vector competence (Bellone et al., 2023). These changes
suggest that mosquitoes may thrive under warmer conditions, potentially increasing the risk of mosquito-borne
diseases.

4.2 Changes in breeding cycles and reproductive success
Climate change influences mosquito breeding cycles and reproductive success by altering environmental
conditions such as temperature and rainfall. For example, Aedes albopictus, a vector mosquito, shows changes in
population dynamics with varying rainfall patterns, which affect larval carrying capacity and egg diapause (Fukui
et al., 2022) (Figure 1). Furthermore, increased eutrophication and temperature fluctuations have been shown to
positively impact egg-laying behavior, although salinity can have adverse effects (Boerlijst et al., 2022). These
findings indicate that climate-induced changes in environmental conditions can significantly affect mosquito
reproductive success and population growth.

Figure 1 Framework of physiology-based climate-driven mosquito population (PCMP) model for Aedes albopictus (Adopted from
Fukui et al., 2022)

4.3 Altered species composition and ecological interactions
Climate change can lead to shifts in species composition and ecological interactions among mosquito populations.
As temperatures rise, some mosquito species may adapt more readily than others, leading to changes in
community structure. For instance, the potential for thermal adaptation in mosquitoes, such as Aedes aegypti, is
influenced by their short generation times and high population growth rates, which may allow them to persist
under changing climatic conditions (Couper et al., 2020; 2021). Additionally, climate-driven changes in mosquito
physiology and behavior can alter interactions with pathogens and other species, potentially affecting disease
transmission dynamics (Caldwell et al., 2021; Bellone et al., 2023). These alterations in species composition and
ecological interactions underscore the complexity of predicting mosquito population responses to climate change.

5 Positive and Negative Impacts on Ecosystem Services
5.1 Enhanced pollination in certain regions due to longer seasons
Climate change has led to longer warm seasons in some regions, which can enhance pollination services.
Mosquitoes, although primarily known as vectors for diseases, also play a role in pollination. The extended warm
periods can increase the activity and lifespan of mosquitoes, thereby potentially enhancing pollination in certain
ecosystems. This can be particularly beneficial in regions where other pollinators are declining due to various
environmental stresses (Rochlin et al., 2016; Anoopkumar and Aneesh, 2021).
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5.2 Disruption in food web stability from population imbalances
The alteration of mosquito populations due to climate change can significantly disrupt food web stability.
Increased temperatures and changing precipitation patterns can lead to population imbalances, where mosquito
populations may either surge or decline unpredictably. Such imbalances can affect predators that rely on
mosquitoes as a food source and can also lead to increased competition among mosquito species, further
destabilizing the ecosystem (Ramsfield et al., 2016; Rochlin et al., 2016; Weiskopf et al., 2020). These disruptions
can have cascading effects, impacting not only the immediate food web but also broader ecosystem functions and
services.

5.3 Loss of services in areas with extreme climate conditions
In regions experiencing extreme climate conditions, such as prolonged droughts or severe flooding, the ecosystem
services provided by mosquitoes can be severely diminished. Extreme weather events can lead to habitat loss and
reduced mosquito populations, which in turn can affect the species that depend on them. Additionally, the loss of
mosquito populations in these areas can disrupt the ecological balance, leading to a decline in biodiversity and the
overall health of the ecosystem (Ramsfield et al., 2016; Weiskopf et al., 2020; Anoopkumar and Aneesh, 2021).
This loss of services can have significant implications for natural resource management and the sustainability of
ecosystem services in affected regions.

6 Case Studies
6.1 Effects on mosquito-mediated pollination in tropical regions
Mosquitoes play a crucial role in pollination within tropical ecosystems, and climate change is expected to
significantly impact this service. Rising temperatures and altered precipitation patterns can affect mosquito life
cycles and behaviors, potentially disrupting their pollination activities. For instance, higher temperatures can
reduce the longevity and fecundity of mosquitoes, which may decrease their effectiveness as pollinators
(Agyekum et al., 2021). Additionally, climate change can lead to shifts in mosquito populations, with some
species adapting to new thermal conditions while others may decline or migrate, further impacting pollination
dynamics (Couper et al., 2021) (Figure 2). These changes could have cascading effects on plant reproduction and
biodiversity in tropical regions.

6.2 Impact on aquatic ecosystems in subtropical and temperate areas
Climate change is predicted to have profound effects on aquatic ecosystems in subtropical and temperate regions,
where mosquitoes are integral components. Increased water temperatures and altered hydrological cycles can
affect mosquito larvae development and survival rates, leading to changes in mosquito population dynamics
(Baranov et al., 2020). For example, in Northwest Africa, a shift from temperate to arid conditions is expected to
reduce freshwater insect family richness by 37%, which includes mosquito species (Kaczmarek et al., 2021).
Furthermore, changes in water temperature and flow patterns can disrupt the ecological balance, affecting not only
mosquitoes but also other aquatic organisms and the services they provide (Velayutham et al., 2021). These
disruptions can lead to a decline in ecosystem health and resilience, impacting biodiversity and ecosystem
services.

6.3 Long-term implications for biodiversity in high-altitude regions
High-altitude regions are particularly vulnerable to climate change, with significant implications for biodiversity,
including mosquito species. As temperatures rise, mosquito species that were previously restricted to lower
altitudes may expand their range into higher elevations, potentially introducing new diseases and altering local
ecosystems (Marques et al., 2021). This shift can lead to increased competition with native species and changes in
community structure (Mata-Guel et al., 2023). Additionally, the unique biodiversity of high-altitude regions,
which includes specialized and often endemic species, may be at risk due to the introduction of new mosquito
species and the associated ecological changes (Weiskopf et al., 2020). Long-term, these changes could result in a
loss of biodiversity and the degradation of ecosystem services that are critical for the health and functioning of
high-altitude environments.
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Figure 2 Framework for investigating climate adaptive potential (Adopted from Couper et al., 2021)
Image caption: Several mechanisms may enable in situ population persistence (evolutionary adaptations in physiology, phenotypic
plasticity, phenological shifts, and life history adjustments; panels A and B). Investigating the potential for evolutionary climate
adaptation requires first identifying the climate factors and traits limiting population persistence (panel C), then comparing the rate of
projected climatic change to potential evolutionary rates (panel D). Evolutionary rates can be estimated based on evolutionary
potential (strength of selection, and heritability and variation in the trait of interest), population demographic characteristics
(maximum growth rate and generation time), and trait-environment relationships (phenotypic plasticity and environmental sensitivity
of selection) (panel E). In the strength of selection image (top left, panel E), the dashed and solid lines indicate the population before
and after natural selection, respectively. In the heritability panel (bottom left), P1 and F1 denote the parental and offspring
generations, respectively (Adopted from Couper et al., 2021)

7 Adaptation and Mitigation Strategies
7.1 Enhancing natural mosquito habitats to support ecosystem services
Enhancing natural mosquito habitats can play a crucial role in supporting ecosystem services. Mosquitoes are
integral to various ecological functions, such as serving as food for other wildlife and participating in pollination
processes. However, climate change poses significant challenges to these habitats, necessitating adaptive
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strategies. For instance, restoring and protecting wetlands can enhance the resilience of mosquito populations to
climate change, thereby maintaining their ecological roles (Morecroft et al., 2019). Additionally, integrating
evolutionary rescue models can help predict and manage mosquito thermal adaptation, ensuring that these species
continue to thrive in changing climates (Couper et al., 2020; 2021).

7.2 Balancing disease management with ecosystem conservation
Balancing disease management with ecosystem conservation is essential to mitigate the adverse effects of
mosquito-borne diseases while preserving ecological integrity. Traditional mosquito control methods, such as
chemical pesticides, often have detrimental impacts on ecosystems and human health. Therefore, adopting
ecological mosquito control strategies, such as habitat modification and biological control, can reduce disease
transmission without harming the environment (Anoopkumar and Aneesh, 2021). Moreover, multi-sectoral
strategies that address urban heat islands and other climate-related factors can simultaneously manage mosquito
populations and enhance urban health resilience (Ligsay et al., 2021).

7.3 Integrating climate resilience into ecosystem service frameworks
Integrating climate resilience into ecosystem service frameworks involves considering the impacts of climate
change on mosquito-related ecosystem services and developing adaptive management strategies. Predictive
models that incorporate climate and land-use changes can improve our understanding of future mosquito
distribution and abundance, aiding in the development of effective mitigation strategies (Madzokere et al., 2020).
Additionally, ecosystem-based adaptation measures, such as restoring natural habitats and enhancing biodiversity,
can increase the resilience of ecosystems to climate change, thereby sustaining the services they provide
(Morecroft et al., 2019; Weiskopf et al., 2020). Implementing these strategies requires a holistic approach that
considers the interconnectedness of climate, ecosystems, and human health (Franklinos et al., 2019; Giesen et al.,
2020).

8 Emerging Research Technologies
8.1 Advances in climate modeling for predicting mosquito population shifts
Recent advancements in climate modeling have significantly enhanced our ability to predict shifts in mosquito
populations due to climate change. These models incorporate various environmental variables and high-resolution
data to forecast the potential distribution and dynamics of mosquito species under different climate scenarios. For
instance, ecological niche models have been used to predict the future distribution of Culex pipiens pallens and
Culex pipiens quinquefasciatus in China, showing potential northward shifts in their ranges under climate change
scenarios (Liu et al., 2020). Additionally, integrated statistical and mechanistic species distribution models (SDMs)
have been developed to improve predictions of mosquito-vector abundance, diversity, and distributions by
incorporating both biotic and environmental variables (Madzokere et al., 2020). These models are crucial for
identifying high-risk areas and guiding public health interventions.

8.2 Genomic tools to study mosquito adaptations to climate change
Genomic tools have become invaluable in studying how mosquitoes adapt to changing climatic conditions.
Genomic sequencing and molecular detection assays allow researchers to detect signatures of infectious pathogens
and understand the microbial communities within mosquito vectors (Yeh et al., 2020). These tools help uncover
the mechanistic relationships between climate variability and pathogen transmission. For example, evolutionary
rescue models have been applied to investigate the potential for climate adaptation in mosquitoes, focusing on
thermal adaptation and the role of phenotypic plasticity (Couper et al., 2021). Such genomic studies are essential
for predicting how mosquito populations might evolve in response to climate change and for developing strategies
to mitigate the spread of mosquito-borne diseases.

8.3 Remote sensing and gis in habitat and population analysis
Remote sensing and Geographic Information Systems (GIS) have revolutionized the analysis of mosquito habitats
and populations. These technologies enable the monitoring of environmental conditions and changes that affect
mosquito populations. For instance, remote sensing data, such as the Normalized Difference Vegetation Index
(NDVI) and Land Surface Temperature (LST), have been used to predict mosquito population sizes and their
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spatial and temporal patterns (Kofidou et al., 2021). Additionally, remote sensing and system dynamics modeling
techniques have been recommended to better understand and mitigate mosquito-borne diseases in the context of
global change processes (Franklinos et al., 2019). These tools provide critical insights into the environmental
factors driving mosquito population dynamics and help in the development of targeted control measures.

9 Conclusion and Future Perspectives
The long-term effects of climate change on mosquito-related ecosystem services are intricate and multifaceted.
Mosquito populations and their distribution are heavily influenced by climate change, compounded by
anthropogenic factors such as urbanization and chemical usage. For example, the decrease in residual
environmental DDT concentrations and increased urban development have contributed to a tenfold rise in
mosquito populations in North America over the past five decades, independent of temperature changes. Moreover,
the short generation times and high reproductive rates of mosquitoes enhance their capacity for thermal adaptation,
allowing them to adjust to shifting climatic conditions. However, the overall impact of climate change on
mosquito-borne diseases remains uncertain, as these effects intersect with other global change processes, creating
complex dynamics that are not yet fully understood.

Future research should address several critical areas to better understand and manage the impacts of climate
change on mosquito-related ecosystem services. First, it is essential to adopt a multifactorial approach by
integrating climate change with other drivers such as land-use changes, socioeconomic developments, and
chemical usage, all of which can modulate disease risks. Second, advanced modeling techniques, including remote
sensing and system dynamics modeling, should be utilized to improve predictive accuracy and guide effective
mitigation strategies. Third, research should focus on phenotypic and genotypic variations within mosquito
populations to clarify their adaptive potential in changing environments. Finally, given the expansion of saline and
brackish water bodies due to rising sea levels, greater emphasis should be placed on studying mosquito population
dynamics and salinity adaptation in coastal zones, which are increasingly vulnerable to climate change.

Sustainable practices are vital to preserving mosquito-driven ecosystem services amidst the challenges posed by
climate change. Traditional mosquito control strategies, such as the extensive use of chemical pesticides, are
limited by the emergence of insecticide resistance and their detrimental effects on ecosystems. Therefore,
ecological-based mosquito control methods, including habitat modification and biological control, should be
prioritized to ensure long-term sustainability. Additionally, monitoring mosquito populations in protected areas
can provide valuable insights into their natural responses to climate change, devoid of anthropogenic disturbances.
Such efforts will not only support biodiversity conservation but also contribute to the development of adaptive
management strategies to mitigate the impacts of climate change on mosquito populations and the ecosystem
services they provide.
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